A queous processing of polymer solar cells presents the ultimate challenge in terms of environmental friendliness and has only been reported in a few instances. The approaches to solubilization of the conjugated and active material in water fall in three categories: solubilization through (1) ionic side chains such as sulfonic acid, carboxylic acid, or ammonium, (2) nanoparticle dispersions of hydrophobic polymers in water, or (3) nonionic alcohol and glycol side chains. The latter approach is the most recent and most successful in terms of performance where PCEs of up to 0.7% have been reached on indium tin oxide (ITO) substrates with aqueous processing of the four subsequent layers in the solar cell stack (including the printed metal back electrode). 1 The approach employing ionic side chains is perhaps conceptually the most appealing as it opens up for layer-by-layer assembly of the films or interface layers 2 but has so far not been employed successfully for the active layer itself. The nanoparticle dispersion approach developed by Landfester et al. 3À7 is particularly appealing as it allows for control of the nanoparticle size and for processing using pure water as solvent for common hydrophobic conjugated polymers. In terms of development of the polymer and organic photovoltaic (OPV) technology, the latter point is of some significance since the large body of polymers available today has been developed for processing in organic solvents such as chlorobenzene, 1,2-dichlorobenzene, etc. One could envisage a complete redesign of the chemistry as described above 1 (method 3) but it will require a complete rediscovery of the solventÀ material interaction and morphology relationships. While this may be necessary, in the end it is of interest to simply adapt the large body of materials at hand to an aqueous process. It is also of critical importance to replace the organic solvents if one has the ambition to manufacture polymer solar cells on a gigawatt scale.
There are several concerns associated with the use of chlorinated and aromatic solvents on a very large scale. Concern for the people working at the manufacturing machine is crucial both in terms of toxicity and, in the case of aromatic solvents, mixed with an aqueous solution of sodium dodecylsulphate (SDS). The size of the nanoparticles was established using small-angle X-ray scattering (SAXS) of the aqueous dispersions and by both atomic force microscopy (AFM) and using both grazing incidence SAXS (GISAXS) and grazing incidence wide-angle X-ray scattering (GIWAXS) in the solid state as coated films. The aqueous dispersions were dialyzed to remove excess detergent and concentrated to a solid content of approximately 60 mg mL À1 . The formation of films for solar cells using the aqueous dispersion required the addition of the nonionic detergent FSO-100 at a concentration of 5 mg mL À1 . This enabled slot-die coating of high quality films with a dry thickness of 126 ( 19, 500 ( 25, and 612 ( 22 nm P1, P2, and P3, respectively for polymer solar cells. Large area inverted polymer solar cells were thus prepared based on the aqueous inks. The power conversion efficiency (PCE) reached for each of the materials was 0.07, 0.55, and 0.15% for P1, P2, and P3, respectively. The devices were prepared using coating and printing of all layers including the metal back electrodes. All steps were carried out using roll-to-roll (R2R) slot-die and screen printing methods on flexible substrates.
All five layers were processed using environmentally friendly methods and solvents. Two of the layers were processed entirely from water (the electron transport layer and the active layer).
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www.acsnano.org 4189 flammability. In the case of the chlorinated solvents the environmental concern is large, and it is unlikely that large scale manufacturing using such solvents is possible in a European setting. As an example, the current state of the art based on ProcessOne 8 would involve approximately 16 million liters of chlorobenzene for the production of 1 GW p of polymer solar cell. An additional concern is the cumulative energy needed for raw materials production, where a poor choice of processing method and processing materials can severely affect the energy payback time (EPBT) of the solar cell. Life cycle analysis has confirmed that water is the solvent that is most beneficial to use, requiring only a small electrical energy input for production. 9 The cumulative thermal energy in materials production of chlorobenzene alone, as given in the example above, would be 880 TJ, adding 10 days to the EPBT. In contrast the use of water as the solvent would require only 17 TJ, adding only 4 h to the EPBT. In terms of active materials the most successful approach so far has been the use of low-band-gap materials based on the donorÀacceptor approach as shown in Figure 1 . The UVÀvis spectra of the three polymers P1, P2, and P3 were recorded, and the optical band gaps were determined to be 1.8, 1.5, and 1.8 eV, respectively ( Figure 2 ).
In this work we prepared aqueous nanoparticle dispersions of the known low-band-gap polymers poly [4,8- 11 and poly[2,3-bis- 
RESULTS AND DISCUSSION
Overview. The polymer solar cell has grown from a laboratory experiment to an emerging technology with great potential to significantly contribute to future energy production. Currently, polymer solar cells can be prepared using industrial roll-to-roll methods 8 and are sufficiently stable for demonstration products. They have for instance been employed as a low cost lighting solution for developing countries. 13 While upscaling has been described successfully their current potential should be viewed critically 14, 15 and compared to existing thin film solar cell technologies such as CdTe and amorphous silicon. The polymer solar cell is currently the poorest performing PV technology (in existence) in terms of power conversion efficiency, while it has distinct advantages of high speed production, adaptability, and an abundance of raw materials. Recent work on the life cycle analysis from several groups 9 have highlighted the potential of the technology and in one case, where the source of data was fully public, revealed EPBTs in the range of 1.35À2.02 years. 9 As outlined in the introduction there is an urgent need for processes and processing materials that lower the embedded energy and the process energy, as this is a necessary method for lowering the EPBT. This should of course go in hand with an increase in efficiency. In this work where we aim at replacing the organic solvent for processing of the active area with water there is a direct gain at the site of manufacture but it should be emphasized that solvents and large amounts of 
www.acsnano.org 4190 detergent are required for the manufacture of the nanoparticle dispersions. It is assumed that those can be recycled to fully benefit from the aqueous processing of hydrophobic materials that has already been developed. If this is not the case then there might not be any gain in the cumulative energy for raw materials production but there will still be a large gain in terms of human safety and lower emission of chlorinated or aromatic solvent into the environment because the preparation of the nanoparticle dispersions inherently allows for containment and reuse of solvents. A detailed life cycle analysis of the inks is thus warranted and until this has been carried out a complete comparison is not possible. At this point however the benefits of an aqueous ink are large enough to justify research in this direction. Formation of Nanoparticle Dispersions. The generic method developed by Landfester et al. in a series of original research papers during the period from 1999 to 2004 was followed and found to be directly applicable with minor modifications. 3À7 A significantly larger amount of SDS was found to be needed than reported previously for a given nanoparticle size. The correlation between the size of the nanoparticles and the amounts of solvent, water, and SDS seem to be depending on the properties of the individual polymers. We found that a 100 mM SDS solution and a solid content in the organic phase of ∼40 mg mL À1 reproducibly gave nanoparticles with a size below 150 nm as established with SAXS measurements. We also found that the nanoparticles were conserved in the coated films (vide supra). The observed discrepancy in particle size as a function of SDS content could also be linked to the method of particle size determination where light scattering was employed previously. The reported method for the removal of the excess detergent comprises dialysis and centrifugal dialysis. These methods however allow for the preparation of only small quantities of ink. In our case large volumes (>100 mL) of inks with a high solid content was needed, and we initially attempted using a large basket centrifuge allowing for the continuous addition of water but finally settled on a Millipore filter system with a processing volume of 500 mL. Using this method, ink volumes of 100 mL with a solid content of 60 mg mL À1 could be prepared in a few hours. The inks were diluted 625 times corresponding to a final SDS concentration in the ink of 0.16 mM. Particle Size and Crystalline Order. SAXS was employed on both the aqueous dispersions and on the solid films to determine particle sizes. AFM images of the films were analyzed to determine particle size distributions and gave similar results.
GIWAXS data showed poorly developed crystalline order of polymers P2 and P3, with only weak first order reflections corresponding to lamellar spacings of 18.2 and 24.0 Å, respectively, and a broad peak at ∼1.34 Å
À1
that we ascribe to packing of disordered side chains. P1 showed very weak scattering, with no features that may be attributed to crystalline order of the polymer (the wide peak at high q values is the background signal from the glass substrate). All three films show a weak peak at ∼0.69 Å À1 that we ascribe to nanocrystalline [60]PCBM (Table 1 and Figures 3 and 4) . Inks and Roll-to-Roll Coating. The spin coating of thin films was possible, whereas large area films with the thickness/coverage required for making functional OPV devices was not possible. It was further found impossible to successfully coat these inks even with very fast web speeds and fast drying on a heated roller and a short distance (18 cm) between the coating head and the oven. Web speeds as high as 8 m min À1 were employed with a roller temperature of 80°C. By heating the foil just after coating, quick drying was possible (within seconds), but significant dewetting was still observed (see Supporting Information). The distribution of P1 could not be determined by AFM due to aggregation of the particles.
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Careful inspection of the wetting behavior revealed that the ink initially wets the surface and then dewets leaving a thin film (possibly comprising a single layer of nanoparticles). We ascribe this to the initial wetting and drying followed by lowering of the surface energy of the first layer and subsequent dewetting of the higher surface tension solution. This phenomenon is quite well-known in the area of coating technology and is in essence a result of poisoning the otherwise wetable surface by the surface active properties of the ink itself. To solve this problem, the addition of a nonionic fluorosurfactant (FSO-100) was found to be necessary. The amount added was critical, and with too little material dewetting was still observed, whereas too much led to films with extremely poor adhesion. A concentration of 5 mg mL À1 was found to be the best compromise between coatability and adhesion. Films prepared in this manner passed the tape test. 16 The age of the meniscus was found to be of critical importance for efficient wetting and good adhesion of the dried film. This phenomenon is wellknown in the area of coating technology, where shear induced in the ink as a result of the coating process itself leads to depletion of surfactant at the surface of the ink. In the case of water based inks this implies that the surface tension of the ink in the region of coating increases to a level where dewetting occurs. In such cases the speed of the coating process must be decreased to a level where the surfactant has time to diffuse to the surface and maintain the lower surface tension. Web speeds of 1 m min À1 were found to present the best conditions even though web speeds as high as 1.6 m min À1 could also be employed. A web speed of 0.6 m min À1 was used in all experiments to fabricate the devices presented in this work. Examples of dewetting during coating can be seen in the Supporting Information, and correct wettings are shown in Figure 5 . The thickness of the dry active layers of P1, P2, and P3 were measured by AFM profilometry and were found to be 126 ( 19, 500 ( 25, and 612 ( 22 nm, respectively. The devices were completed by slot-die coating poly-(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) on top of the active layer and interestingly www.acsnano.org 4192 no prewetting of the active layer with isopropyl alcohol was needed. We ascribe this to a fortuitous interaction between the fluorosurfactants in the PEDOT:PSS formulation and in the coated active layer. The devices were completed by screen printing a silver ink onto the PEDOT:PSS electrode. The devices were finally encapsulated using a simple barrier foil as described earlier and tested using an automated roll-to-roll IV-tester. 8, 14, 15 Morphology. The morphology differences between spin-coated and R2R prepared samples and between the different sample materials can clearly be observed in the AFM images in Figure 6 . On the spin-coated samples the individual nanoparticle shapes can be observed (with exception of P1, which looks like agglomerates made up of smaller particles). In the R2R samples the nanoparticles can no longer be clearly distinguished; instead it looks like the nanoparticles have merged in places. The different morphologies observed across the R2R samples could be caused by the "harsh" process conditions, where annealing at high temperatures is involved, and due to the different thermal properties of the polymers.
When the R2R coated samples in Figure 6 panels d, e, and f are compared, it looks like the particles are increasingly merged (d < f < e). This could be because these samples were prepared at slightly different conditions with the annealing time increasing (d < f < e). Each roll-to-roll experiment (a roll of foil) comprises six coated stripes as described earlier. 15 The first coated stripe will thus pass the oven a total of eight times, whereas that last coated stripe will pass the oven a total of three times (including the two passages when Figure 6 . AFM topography images of spin-coated (aÀc) and R2R (dÀf) prepared samples of P1, P2, and P3. All the images were taken at 5 Â 5 μm 2 . Figure 7 . (a) IV-curves for the devices based on the three different polymers, at peak performance (AM1.5G, 1000 W m À2 , 85 ( 5°C). (b) The development of the solar cell PCE during the initial 10 h of the exposure to 1 sun is shown for the three different polymers. Values are normalized to the corresponding peak value for each polymer (see Table 2 ). Device Performance. The freshly prepared devices were put under a calibrated solar simulator (AM1.5G, 1000 W m À2 ) and IV-scans were recorded every 1 min, for up to 36 h (according to the ISOS-L-1 procedure 26 using a temperature of 85 ( 5°C). For all devices an initial steady increase in PCE during exposure to sunlight was generally observed. However the optimum period of light exposure was significantly different for the three photoactive polymers, as can be seen in Figure 7 . The PCE increase was caused by improvement of both the short circuit current and open circuit voltage, while the fill-factor was relatively constant. This behavior is not unique for these cells prepared from water-dispersed nanoparticles, but is readily observed for other polymer solar cells, having the same layer structure but an active layer processed from organic solvents such as chlorobenzene. 15 It is ascribed to a combination of effects such as photodoping of the zinc oxide layer by UV-light, accompanied by beneficial morphological changes in the active layer due to the relatively high temperature (85 ( 5°C). 14 The devices prepared from the aqueous dispersions show poorer performance compared to earlier reported efficiencies for devices based on P1, P2, and P3, prepared using chlorobenzene as solvent (Figure 7) . 10À12 The source of this most likely shunts across the active layer. Because of the particle nature of the active layers (Figure 6 ), the film will be somewhat porous and thus susceptible to shunting by the subsequent processing of PEDOT:PSS. It is thus likely that the amount of shunts should be dependent on the layer thickness relative to the particle diameters. When the obtained PCEs for the different polymers are compared, it is observed that thicker layers and smaller particle size seem to give a higher performance. Apart from these suspected microscopic shunts, there are some larger shunts for some devices due to incomplete coverage evident from optical inspection of the film and even more so from the light beam induced current (LBIC) scan shown in Figure 8 where (blue) dots within the (red/green) active area reveal such shunts. Furthermore, effects from the significant amount of fluorosurfactant present in the ink along with the residual SDS bound to the surface of the nanoparticles have not been determined. This does however show that it is possible to prepare devices from water with a nonnegligible performance, and worth noting that a large part of the relatively low performance of these devices prepared from water could be due to coating technicalities that are bound to become less pronounced as further experience is gained. Directions for Future Work. The possibility of achieving aqueous processing and operator safety and avoiding the emission of environmentally harmful solvents to the environment was demonstrated, and while this is a great step forward it was achieved at the expense of using a fluorinated surfactant. There is a well-documented concern over release of fluorinated surfactants to the environment where extremely harmful effects have been documented. 17 In our case the surfactant is not released directly to the environment but will follow the solar cell until the end of its life cycle, where it should be properly disposed. The identification of existing environmentally friendly surface active materials or the development of new ones for coating should be researched actively to avoid the use of fluorinated detergents while maintaining the advantages of aqueous processing of OPV. The relationship between the chemical disposition of the polymer materials and nanoparticle size in the final ink will have to be established along with the relationship between the size of the nanoparticles and the performance of the solar cell printed from them. Since this requires quite large quantities of conjugated polymer material, the type of materials that perform best should be identified followed by replacement of the fluorinated surfactant. Once the truly environmentally friendly ink with the best performance has been identified the ink can be finally optimized with respect to nanoparticle size, solid content, drying time, etc. 
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In our case P2 proved to work best and further optimization using this class of materials should be pursued.
CONCLUSIONS
We have successfully prepared aqueous nanoparticle dispersions of three low-band-gap polymers and formulated inks for roll-to-roll processing into polymer solar cells on a flexible substrate which resulted in PCEs of 0.55, 0.15, and 0.07% for poly [(4,4 0 -bis dithiophene-alt-5,6-bis(octyloxy)-4,7-di(thiophen-2-yl) (2,1,3-benzothiadiazole)-5,5 0 -diyl], respectively. We analyzed the nanoparticles in aqueous dispersion using SAXS and in solid film using GISAXS, GIWAXS, and AFM. The ink formulation and roll-to-roll processing was found to be challenging, however a reproducible method giving homogeneous films that adhered well to the surface of the zinc oxide based electron transport layer was obtained. The relatively poor device performance is ascribed to shunting and non-optimum morphology. Further work should be directed at improving coating condition and ink formulation as this has been successful in the case of organic solvent systems.
METHODS

Materials.
The polymers were prepared as described in the literature. 10À12 They had values for M n , M w , and polydispersities of, respectively, 11.0 kDa, 28.7 kDa, and 2.6 for P1, 6.0 kDa, 10.9 kDa and 1.8 for P2, and 21.0 kDa, 89.0 kDa, and 4.2 for P3.
[60]PCBM, SDS and chloroform were purchased in standard grade. An aqueous precursor solution for the zinc oxide was prepared as described in the literature. PEDOT:PSS was based on EL-P 5010 from Agfa that was diluted with isopropyl alcohol to a viscosity of 200 mPa 3 s. The printable silver back electrode was PV410 from Dupont.
Nanoparticle Preparation. The typical recipe for small scale production, the polymer material (0.3 g) was together with [60]PCBM (0.3 g) dissolved in chloroform (15.5 mL) and mixed with an aqueous 100 mM SDS solution (50 mL) in a large beaker. The mixture was stirred vigorously for 1 h and then subjected to ultrasound (1 kW) for 5 min using an UIP 1000hd transducer from Hielscher ultrasound technology fitted with a booster head. The mixture was then stirred on a hot plate at 65°C for 3 h until all the chloroform had evaporated. For small scale preparations, the aqueous dispersion was then dialyzed in dialysis tubing against 2 Â 10 L pure water. In the final step the suspensions were concentrated to have a solid content of approximately 60 mg mL
À1
. For large scale preparations, the aqueous dispersion was dialyzed using a Millipore system with a capacity of 500 mL. The mixture was concentrated by dialysis from a volume of 500 mL to a volume of 100 mL with a forward pressure of 1.4 bar and a pressure gradient across the filter of 0.7 bar. Pure water (400 mL) was then added and the procedure was repeated 4 times corresponding to a dilution of the solution by a factor of 625. In the final step the suspensions were concentrated to have a solid content of 60 mg mL À1 . X-ray Scattering. The SAXS and grazing incidence SAXS (GISAXS) experiments were performed at a laboratory setup using a rotating Cu-anode operating at 46 kV and 46 mA as X-ray source. The SAXS instrument was configured for a fully evacuated sample to detector distance of 4579 mm covering a q-range of 2.5 Â 10 À3 < q < 0.12 Å
, where the length of the scattering vector q = 4π sin(θ)/λ, with θ equal to half the scattering angle, and λ being the X-ray wavelength for Cu KR (1.5418 Å). The X-rays are monochromated and collimated by two-dimensional multilayer optics and detected by a 2D "Gabriel"-type gas-proportional delay line detector. 18 The nanoparticle dispersions were measured in 1 mm borosilicate capillaries, sealed with epoxy glue for the SAXS experiments, and GISAXS of films spin-coated on glass were measured by orienting the substrate at an X-ray incidence angle of 0.5°. The 2D scattering images of the randomly oriented particles in dispersion were reduced to 1D cross sections by azimuthal averaging, whereas the GISAXS scattering were reduced to 1D curves by taking projections through the Yoneda peak 18 at constant q z . The reduced 1D data were analyzed by using the Bayesian inverse Fourier transform (BIFT). 19 GIWAXS of spin-coated films on glass were acquired by orienting the substrate surface just below the critical angle for total reflection with respect to the incoming X-ray beam (0.18°), maximizing scattering from the deposited film with respect to scattering from the substrate. In the wide scattering angle range (>5°), the X-ray scattering is sensitive to crystalline structure. For the experiment we used a camera comprising an evacuated sample chamber with an X-ray photosensitive image plate as detector and a rotating Cuanode operating at 50 kV/200 mA as X-ray source, focused and monochromatized (Cu KR, λ = 1.5418 Å) by a 1D multilayer. 19 The samples were mounted 120 mm from the detector. The GIWAXS data were analyzed by reducing the acquired 2D data by azimuthal averaging of intensity as a function of scattering vector length, q, to determine the characteristic d-spacings of the polymers, using the software SimDiffraction. 20 Atomic Force Microscopy. AFM imaging was performed on an N8 NEOS (Bruker Nano GmbH, Herzogenrath, Germany) operating in an intermittent contact mode using PPP-NCLR cantilevers (NANOSENSORS, Neuchatel, Switzerland). Images were recorded at a scan speed of 0.8 lines min
. The images were analyzed using the image processing software package SPIP 5.1.5 (Image Metrology A/S, Hørsholm, Denmark).
The samples were first delaminated by ripping the plastic laminate off in a swift motion and thereafter placed on a glass slide using double sided tape.
It is well-known that AFM can at times overestimate particle sizes in the lateral plane and therefore the height z is often used as a measure for the diameter of spherical particles.
21À23 However, since the particles in the samples at hand are closely packed the height measurements of individual particles would be too time-consuming and inaccurate. 24 Therefore the best estimate to determine the particle size was to employ the Particle & Pore Analysis module included in the SPIP 5.1.5 software. The size was analyzed on at least two different positions of the sample analyzing a minimum of 2000 particles on each sample.
The thicknesses of the dry films were measured by AFM profilometry, see Figure 9 . The thickness was measured at a minimum of three different positions on each film, with each position consisting of at least three individual measurements.
Light Beam Induced Current (LBIC) Mapping. The LBIC experiments were carried out using a custom-made setup with 410 nm laser diode (5 mW output power, 100 μm spot size (≈ 65 W/cm À2 ), ThorLabs) mounted on a computer controlled XY-stage and focused to a spot size of <100 μm. The short circuit current from the device under study was measured using a computer . This solution was employed directly for slot-die coating Roll-to-Roll Coating. A PET substrate with an ITO pattern was prepared and cleaned as described earlier. 13À15 The zinc oxide precursor solution was prepared as described earlier À1 with a wet thickness of 30.4, 17.6, and 20.8 μm for P1, P2, and P3, respectively. The coating speed and the time between application of the wet film and the drying were critical for successful formation of a homogeneous film without dewetting. The slot-die coating head had a temperature of 60°C, the coating roller had a temperature of 80°C, and the temperature of the foil was kept at 80°C until it reached the oven at 140°C. The distance from the point of coating to the oven entry was 18 cm. PEDOT:PSS was then applied by slot-die coating at a speed of 0.2 m min À1 and dried at 140°C (oven length = 2 m). It was found unnecessary to wet the film surface prior to coating the PEDOT:PSS and this might be due to the beneficial interaction between the fluorosurfactants in the active layer film and in the PEDOT:PSS. Finally the device was completed by roll-to-roll screen printing a silver grid electrode and drying at 140°C. The devices were encapsulated using roll-to-roll lamination of a simple food packaging barrier with a pressure sensitive adhesive onto both sides of the foil.
13À15
IV-Characterization. In each coated stripe that represents one set of experiments a total of 150 solar cells were prepared (900 cells for each roll). The devices were light soaked with continuous sweeping of the IV-curve until a constant performance was reached. Typically the performance dropped rapidly during the first 10 min of light soaking followed by a slow improvement in performance over 4À6 h where a stable level of performance was reached. The data reported is for the stable regime. The devices were initially tested using a roll-to-roll tester and the functional devices were the recovered for further testing using a calibrated solar simulator (AM1.5G, 1000 W m
À2
, 85 ( 5°C). The prolonged testing was made according to the ISOS-L-1 procedure. 26 
